In this paper, based on theoretical modeling, the effect of an accommodation coefficient on the evaporation of water
INTRODUCTION
Interest in studying the processes of evaporation of liquid droplets is explained by two main reasons. The first reason is the wide variety of natural phenomena in which they are observed. The second reason is the existence of a large number of practical problems in various industries that are associated with these processes (Dhavaleswarapu et al., 2010) . In the development of the theory of evaporation, three directions can be distinguished in which the greatest research activity is observed.
One of the earliest directions in the development of the theory of evaporation was in the development of hydrodynamic models. The ideas of J. Stefan on the process of evaporation, as a diffusion process, underlie this direction (Knake and Stranskiy, 1956) . The second direction is associated with the development of molecular kinetic models and is based on the study of H. Hertz in relation to the rates of phase change during evaporation (Knake and Stranskiy, 1956) . In hydrodynamic models, the laws of conservation of the quantity of matter, momentum, and energy are used to describe evaporation processes in the continuum formulation. In molecular kinetic models, the laws of the statistical kinetics of the motion of molecules are applied. The development of computational technologies has led to the emergence of a third direction of research. This direction is based on direct molecular-dynamic simulation, in which the time history of the positions and the velocities of a set of atoms are predicted using the Newtonian equations of motion (Landry et al., 2007) .
Each of the aforementioned approaches has its own set of characteristic spatial and temporal scales, which determines the scope of its application. None of these model approaches can give a complete description of the evaporation of droplets of arbitrary size under different environmental conditions. The approaches that combine the advantages of different models are most perspective. Hydrodynamic models are convenient and widely used to describe the 2169-2785/17/$35.00 © 2017 by Begell House, Inc. www.begellhouse.com relatively slow evaporation of large liquid droplets when the environment can be considered as a continuous medium. In the Knudsen layer, which directly adjoins the droplet surface, the basic concepts of a continuous medium lose their meaning and these models become inapplicable. The parameters of the medium in the Knudsen layer can be computed based on molecular kinetic models using approximate solutions to the Boltzmann kinetic equation (Kogan, 1967) . Molecular dynamics simulation can be used to study the evaporation of very small droplets whose size is on the order of several nanometers. The models are reconciled with each other through the corresponding boundary conditions at the interfacial surface and outer boundary of the Knudsen layer. Examples of the joint use of hydrodynamic and molecular kinetic models can be found in Young, (1991 Young, ( , 1993 ; Kortsenshteyn et al. (2012) ; Luo et al. (2016); and Briones et al. (2012) . These models have varying degrees of detail, but they all share a common feature. This feature consists of expanding the range of applicability of purely hydrodynamic evaporation models toward small droplet sizes. Meanwhile, the implementation of calculations of the thermal state of evaporating droplets in each of these models is quite a challenge. It is necessary to develop simpler models that can effectively determine not only the temperature of the droplets and their mass and dimensions during evaporation but can also reveal the physical mechanisms that determine the evaporation of droplets of different sizes.
In this paper, this approach has been developed in the study of the thermal state of evaporating free drops of water of various sizes. The analysis is carried out based on the emission-diffusion model of evaporation of free droplets (Borodulin et al., 2017) . The influence of the initial size of the droplets as well as the accommodation coefficient on their evaporation is investigated.
GOVERNING EQUATIONS
Assertions and assumptions regarding the emission-diffusion model for evaporation of free droplets are described in detail in Borodulin et al. (2017) . In this study, for the convenience of the discussion, its content is briefly formulated. The model considers a free spherical droplet of water placed in air at normal room temperature and humidity. The emission-diffusion model is based on the dynamic balance between the net molecular flux from the interphase surface and molecules transferred into the environment due to convection and diffusion. The net resulting molecular flux of molecules from the interphase surface is determined by the difference between the flux of the molecules emitted by the droplet surface and reflected by the surrounding medium back. The mass flux J K can be expressed based on the approximate solutions to the molecular kinetic theory through the Hertz-Knudsen-Langmuir, Schrage, Kharangate and Mudawar, (2017), or Young (1991) formulas. The approximate Hertz-Knudsen-Langmuir formula for a planar interphase surface is used in this paper:
where R is the radius of the droplet; T is the absolute temperature of the droplet; γ is the accommodation coefficient; R V is the individual gas constant for the vapor; P S is the saturated vapor pressure; and ϕ is the relative humidity of the vapor layer near the droplet surface. The formation of the hydrodynamic flow near the drop occurs at distances of several mean-free paths of vapor molecules far from its surface. Expressions of the vapor mass flux in the hydrodynamic region far from the drop, taking into account the Stefan flow (Fuchs, 1959) and natural convection, can be written as follows:
where D is the coefficient of molecular diffusion of vapor in the air; µ is the molar mass of the vapor; c µ is the molar concentration of the vapor-gas mixture; R g is the universal gas constant; and ϕ ∞ and T a are the relative humidity and absolute ambient temperature at a great distance from the droplet, respectively. The influence of convective mass transfer in Eq. (2) can be taken into account using known relationships between the dimensionless numbers of similarity. Thus, the following dependence of the Sherwood number (Sh) on the Grashof number (Gr) is applied by taking into account the free-convective flow in the model:
where Sc is Schmidt number. A diffusion transport occurs at Sh = 2. The Grashof number is determined by the droplet diameterd:
where d is the diameter of the droplet; g is acceleration due to Earth's gravity; and ν is the kinematic viscosity of the ambient air. It should be noted that the expression under the logarithm sign in Eq. (2) is easily expressed in terms of the Spalding mass number B m (Spalding, 1956 ): 1 + B m , where B m = (X ∞ − X S )/(1 − X ∞ ), and X is the mole fraction of vapor in the vapor-air mixture. Here, subscripts S and ∞ refer to the interphase surface and ambient air, respectively. The formula for the flow (J H ) acquires the form of Eq. (2) only when the Stefan flow is taken into account. The August-Roche-Magnus formula (Alduchov and Eskridge, 1996) can be used to calculate the saturated water vapor pressure at moderate temperatures from −40°C to +50°C. This allows obtaining the value of P S with a relative error of about 0.4%:
In the model, the equality of flows J K and J H is provided by introducing an intermediate vapor layer with relative humidity ϕ, in which the first boundary is at the interphase surface and the second boundary is at some distance from it, where the hydrodynamic flow has already formed. The unknown value of ϕ for the intermediate layer is computed using the expression:
In Eq. (4), the saturated vapor pressure in the layer is taken at droplet temperature T . This assumption is valid for the given case of evaporation of the droplet because the temperature difference at the boundaries of the layer will be small in comparison with the absolute temperature of the droplet.
It is further assumed that the inhomogeneity of the temperature field inside the droplet is small, and it can be considered thermally homogeneous (Sazhin, 2006) . The assumption of temperature uniformity of evaporating droplets used in the simulation is valid at low heat and mass transfer rates, when the droplets are at room temperature and humidity. To expand the range of applicability of the model, one can take into account the inhomogeneity of the temperature distribution inside the drop. This will allow more accurate computation of the evaporation rate of moving droplets and droplets exposed to high-temperature gas flow. One of the useful methods that makes it possible to effectively model the temperature inhomogeneity inside the droplet upon evaporation, by taking into account the internal fluid circulation, is the use of the third-order polynomial profile (Zhou et al., 2017) .
The rate of droplet evaporation is conveniently expressed in terms of J K :
where m is the mass of the droplet. The droplet temperature T and heat flux q across the droplet surface are computed to determine the thermal state of the droplet during evaporation. The energy conservation law for an evaporating drop can be written as follows:
Taking into account conductive, convective, and radiative heat transfer, flux q will have the following form:
where c w is the heat capacity of water; L is the specific heat of vaporization taken at ambient temperature; ε is the integral emissivity of the droplet surface determined due to the optical properties of water (Zolotarev and Dyomin, 1977) and current size of the droplet; σ is the Stefan-Boltzmann constant; and λ a is the thermal conductivity coefficient of ambient air. Under conditions of free convection the correlation between the Nusselt number (Nu) and Grashof number (Gr) can be written as follows (Han et al., 2016) :
A conductive heat transfer with air takes place at Nu = 2. The model also allows one to calculate the evaporation of droplets in the case of forced convection. In this case, to determine the Sh and Nu numbers, it is necessary to use models corresponding to different droplet blowing regimes (Zhou et al., 2013) .
The system of equations in Eqs. (4)- (6) allows simulating the evaporation of droplets by taking into account the previously noted limitations. This system can be converted to a dimensionless form through the introduction of a dimensionless value of the temperature and time scale, τ 0 :
where T wb is the wet-bulb temperature that corresponds to temperature T a and ambient air relative humidity ϕ ∞ ; R 0 is the initial radius of the drop; and ρ W is the density of the liquid. The evaporation time of the droplet in the Maxwell diffusion model (Fuchs, 1959 ) is chosen as the time scale τ 0 . The mass and radius of the droplet are normalized by their initial values m 0 and R 0 . As a result of the substitutions, the system of equations is transformed to the following dimensionless form:
wb /(T a − T wb ) is the radiation-conduction parameter; and the function Ψ (θ) = (1 − θ) · (1 + F 1 θ) · 1 + F 2 θ + F 3 θ 2 depends on dimensionless temperature θ and the following parameters:
The Kutateladze number, radiation-conduction parameter, and numbers F i are the governing dimensionless parameters for the system of Eqs. (9)-(11). The current value of ϕ, which regulates the net molecular flux of molecules from the interphase surface, is determined using Eq. (11). The rate of evaporation of the droplet and its current mass is determined using Eq. (10). The new temperature value is then determined from Eq. (9).
Differential Eqs. (9) and (10) were solved numerically by the fifth-order Runge-Kutta-Merson method with correction of the time step at each iteration. Equation (11) was solved by the Newton method. The suggested model was validated by comparison with experimental data obtained by contactless infrared thermography and microphotographing the water droplets at evaporation (Borodulin et al., 2017) . Also, the model was validated by comparing the results of the calculations with the results of other models (Wulsten and Lee, 2008) . Figure 1 shows the changes in the relative outer surface of the large droplets obtained in the computations using the model and the experiments using microphotography. The experimental data are consistent with the computational results. Figure 1 The temperature distribution on the surface of the evaporating droplet was recorded using the infrared thermography method. As a result, the average temperatures of the surfaces of the evaporating water droplets with different diameters d 0 were obtained. Figure 2 presents a comparison of the obtained experimental data and the computational results from the model. From Fig. 2 it may be inferred that the calculation results are consistent with the experimental data. At the initial stage of evaporation, the average temperature of the drops sharply decreased, and then there was an area of relatively constant temperature slightly exceeding the wet-bulb temperature, T wb . At the final stage of evaporation, the theoretical and experimental data showed an increase in the drop temperature. However, the calculation results demonstrated a sharper increase in temperature in the final stage compared with the experimental data, which was probably due to edge effects from the additional heat supply and deviation from the spherical shape of the drops at the end of the evaporation.
DISCUSSION OF THE COMPUTATIONAL RESULTS
Before considering the effect of the accommodation coefficient γ on the thermal state of the droplet during its evaporation, some comments should be presented. In this paper, the coefficients of the evaporation and condensation are assumed to be equal. As noted in Marek and Straub (2001) , experiments with water give a slight excess in the condensation coefficient in comparison with the evaporation coefficient. However, the scatter of measurement results among different research studies is great. Therefore, in the literature a simplifying assumption about the equality of the coefficients has been made. In accordance with the data from Marek and Straub (2001) and Akulichev (1978) for water at room temperature, the coefficient of accommodation γ is 0.04. A rigorous analysis of coefficient γ was made by Landau (1935) . At moderate water temperature, coefficient γ can be estimated by the following expression:
where m m is the mass of the water molecule; k is the Boltzmann's constant; c 0 is the speed of sound in the liquid; and a is the radius of the intermolecular interaction in the liquid. In Akulichev (1978) , it was stated that the Landau formula well reflects the functional dependence of the coefficient of accommodation on temperature: γ ∼ T 3/2 . In connection with these comments, the question of the degree of influence of the value of γ on the character of the evaporation of droplets becomes topical. Or, in other words, how much will the droplet evaporation time be changed with the changes in the value of γ? What will happen to its temperature? Do these changes depend on the initial size of the droplets? All of the calculations in this paper were carried out under the condition that the initial droplet temperature is equal to the ambient air temperature: T 0 = T a . It was assumed that T a = 294 K, and the relative humidity of ambient air ϕ ∞ = 50%. Figure 3 shows the dependence of the dimensionless droplet temperature on time. As discussed in Borodulin et al. (2017) , at the beginning of evaporation, the droplet temperature decreases sharply from its initial value of θ = 1 to that close to the wet-bulb temperature, θ wb = 0. Then, during a long evaporation time, the droplet temperature changes smoothly. At the end of evaporation, a rapid increase in temperature is observed. The early and final stages of evaporation have a fairly short duration. Mainly, the time of the droplet evaporation is determined by the duration of the long stage with a smooth, slight change in temperature. In the Maxwell diffusion model this stage corresponds to that of adiabatic evaporation, in which the droplet temperature is equal to the wet-bulb temperature.
The decrease in the droplet temperature is due to a phase transition. The rate of change in temperature depends on the thermophysical properties of the liquid and the rate of evaporation. At the initial time, when the droplet and air temperatures are equal, this can be estimated using the expression obtained from Eq. (6):
Here, the greater the specific heat of vaporization and the smaller the initial heat capacity of the droplet, the greater is the rate of change in the droplet temperature. More precisely, the decrease in temperature occurs relatively sharply in comparison with the time of evaporation of the droplet. For example, as the calculations show, a droplet with an initial diameter d 0 = 3 mm cools to a wet thermometer temperature in about 160 seconds, a droplet with d 0 = 1 mm cools in 25 seconds, and a droplet with d 0 = 100 µm cools in 0.35 seconds. This is in satisfactory agreement with experimental results (Borodulin et al., 2017) .
As can be seen from Fig. 3 , the normalized evaporation time depends on the initial size of the droplet. Since the time is normalized by the lifetime of the droplet in the Maxwell diffusion model, without taking into account the Stefan flow, free convection, and radiant heat transfer, the deviation in the dimensionless evaporation time of the droplet from t/τ 0 = 1 characterizes the influence these processes have on evaporation. Figure 3 also shows that free convection and radiant heat transfer exert a greater influence on larger droplets. As shown in Borodulin et al. (2017) , with a decrease in the size of the droplets, the role of convection and radiation decreases.
Analysis of the results also shows that changes in γ over a wide range of values have little effect on the evaporation time of large droplets. In the calculations, the accommodation coefficient varied from 0.004 to 0.4. A reduction in γ by a factor of 100 leads to an increase in the evaporation time by only a few percent. Thus, the lifetime of a droplet with d 0 = 3 mm increases by about 3%, and with d 0 = 1 mm by 7%.
This demonstrates the weak dependence of the evaporation time on accommodation coefficient γ for large droplets in the millimeter range. It should be noted that this effect increases with decreasing droplet size. The most significant deviations in the behavior of the droplet temperature are observed for small γ. As seen from Fig. 3 , when γ 0.04 the droplet temperature gradually decreases to the minimum temperature, θ wb = 0. This minimum is achieved immediately prior to intense temperature growth. Another behavior of the temperature is observed for small γ ≈ 0.004. Instead of a gradually decrease in temperature, in the main stage of evaporation growth is observed, which is accelerated at the end of this stage. At the same time, the droplet temperature does not reach the wet-bulb temperature. Of the considered initial droplet sizes, the most significant effect of γ on the droplet temperature change is observed for a smaller size. This trend is more explicit in the submillimeter range of droplet sizes (Fig. 4) . For a droplet with d 0 = 50 µm, a decrease in γ by a factor of 10 from 0.04 to 0.004 results in an almost twofold increase in the evaporation time (Fig. 4) . In addition, there is a significant increase in the droplet temperature deviation from the wet-bulb temperature in comparison with larger droplets (Fig. 3) . Therefore, it can be concluded that as the droplet size decreases its sensitivity to a change in the accommodation coefficient rises. Figure 5 demonstrates the effect of the initial droplet size from the submillimeter range on θ (t) at a fixed value of γ = 0.04. The relative increase in the evaporation time is characteristic for smaller droplets. The increase in the relative droplet evaporation time for millimeter and submillimeter sizes with the decrease in their initial size is due to different physical mechanisms. For droplets in the millimeter range, this mechanism consists of weakening the role of free-convective and radiant heat transfer with a decrease in their size. For droplets in the submillimeter range, this growth is due to a depleted evaporation regime, when the resulting rate of phase transformations is the determining factor [Eq. (10)].
It should be especially noted that the cause of the increase in the temperature of droplets for the submillimeter range (Figs. 4 and 5) , the millimeter range at small γ [ Fig. 3(b), curve 3] , and finally the millimeter range at the end of evaporation is the depleted evaporation regime (Kozyrev and Sitnikov, 2001) . In this regime, evaporation is not determined by mass transfer mechanisms (diffusion, free-convection). The evaporation rate is limited by the net flow of molecules leaving the drop. This flow determines the thermal power during phase transformations, which is in direct proportion to the surface area of the drop, Q P T ∼ R 2 . The power of conductive heat transfer Q CD remains proportional to droplet radius R. Thus, when the droplet evaporates, the heat supply decreases as a function of R, and cooling due to phase changes decreases as a function of R 2 . As a result, the heating of the droplet begins to predominate.
It is necessary to analyze the power of the heat fluxes that determine the thermal state of the droplet during evaporation. Figure 6 shows the results of computations for the evaporating droplet with d 0 = 3 mm and d 0 = 50 µm. Curve (a ′ b ′ c) shows the change in the power of the conductive heat flux to the droplet,
shows the change in the power of the convective flux, Q CV = 2πλ a (Nu − 2) · (T a − T ); and curve (a ′ b ′V c) shows the change in the power of the radiant flux power,
The last two heat fluxes have the same sign and power comparable to the power of the conductive heat transfer. The thermal power, which is spent for the phase transition and heating of the vapor to ambient air temperature,
As follows from the analysis, for a droplet with d 0 = 50 µm, the radiant and free-convective heat flux can be neglected in comparison with the conductive heat flux [ Fig. 6(b) ]. Since the radiant heat flux is small, adiabatic evaporation is observed, in which all of the supply heat is expended on droplet evaporation. At the initial stage of evaporation [ Fig. 6 , regions (a ′ b ′ ) and (a ′′ b ′′ )], the power of the conductive heat flux is less than the heat power of the phase transition, as a result, according to Eq. (6) the droplet is cooled: dT dt = 1 mc w (Q P T + Q CD ) < 0 Radiant and free-convective heat transfer with the environment has a significant effect on the evaporation of relatively large droplets. This effect can be considered in more detail by the example of evaporation of a drop with (Fig. 7) . Curve 1 in Fig. 7 corresponds to the conditions when radiant heat transfer and free-convective heat and mass transfer are not taken into account, i.e., Λ = 0, Nu = 2, and Sh = 2 [see Eqs. (3) and (8)]. In this case, the evaporation of the droplet and its thermal state are determined by conductive heat transfer between the droplet and environment, the diffusion of the vapor, and the convective Stefan flow, in which the evaporation time is practically equal to τ 0 . The droplet temperature for a long interval of the time is nearly the wet-bulb temperature, θ wb = 0. This case differs from the classical Maxwell problem by the presence of the Stefan flow, which has a weak effect on evaporation under these conditions. Curve 2 in Fig. 7 shows the results of the computations, when the influence of radiant heat transfer is taken into account, i.e., Λ = 0, Nu = 2, and Sh = 2. In this case, the droplet temperature in the main evaporation stage is much higher than θ wb , and the droplet evaporation time becomes less by about 10% due
FIG. 7:
Dependences of the droplet temperature on time at d 0 = 3 mm and γ = 0.04 (1, without taking into account radiant and free-convective heat transfer; 2, without taking into account free-convective heat transfer; 3, without taking into account radiant heat exchange; 4, with taking into account radiant and free-convective heat transfer) to the radiant heat transfer. Curve 3 in Fig. 7 shows the results of the computations, when in addition to convection the free-convective heat transfer and mass transfer are taken into account, i.e., Λ = 0, and the Nu and Sh numbers are determined according to Eqs. (3) and (8). The droplet temperature decreases to θ wb . Evaporation of the droplet occurs more intensively and its evaporation time is reduced by 30% due to free-convective heat transfer. The solution obtained by taking into account all of the mechanisms of the described model is represented by curve 4 in Fig. 7 . In this case, the droplet temperature in the main evaporation stage is higher than θ wb , but lower than on curve 2. The evaporation time decreases by another 5% in comparison with curve 3 (Fig. 7) . It should be noted that heat fluxes of radiant and conductive-convective heat transfer [Eq. (7)] increase the internal energy of the droplet. It is clearly seen from the comparison of the curves 2 and 3 in Fig. 7 that the result of their actions is different. At first glance, it would seem that the effect of these heat fluxes on the droplet temperature in the main evaporation stage should be of the same character; however, if the radiant heat transfer is taken into account the droplet temperature becomes higher. Therefore, if free convection is taken into account then there is no such effect. The reason for this contradiction lies in the fact that simultaneously with the intensification of the heat transfer, there is an increase in mass exchange, which is expressed in the model through the Nu and Sh numbers. In this case, the power of heat flux q and the heat power of the phase transitions, L(T a ) · (dm/dt), are the same depending on the droplet size and temperature, but have opposite signs in expression (6). Their mutual compensation occurs when the droplet is cooled to the wet-bulb temperature. In the case of only taking into account the radiant heat transfer the droplet temperature increases directly. As a result, on the main evaporation stage, it turns out that |q| > |L ·ṁ| and the droplet temperature becomes higher than θ wb . Thus, the radiant heat transfer and convective-conductive heat transfer between the droplet and environment affect the droplet temperature differently.
CONCLUSIONS
The analysis of droplet evaporation under the conditions of ordinary room temperatures and air humidity within the emission-diffusion model shows that significant differences in the choice of the accommodation coefficient of water in the range of 0.004-0.4 do not lead to a significant change in the evaporation process and the thermal state of large millimeter droplets. The change in the accommodation coefficient affects the evaporation time of the droplet within a few percent and is most noticeable at the initial and final stages of evaporation. Since the duration of these stages is relatively small, their contribution to the total evaporation time of the droplet is also insignificant. The same weak effect is manifested in the temperature change of large droplets in the main stage of evaporation, and it is characteristic that the influence of the accommodation coefficient is most strong when it decreases relative to the value of 0.04. Therefore, it can be concluded that it is very difficult to accurately determine experimentally the value of the accommodation coefficient when using the value of the evaporation time of large droplets.
The accommodation coefficient has a much more significant effect on the process of evaporation in relation to small submillimeter droplets. The reason lies in the predominance of the role of phase transformations over the processes of mass transfer. The reason that the temperature of large droplets in the main evaporation stage exceeds the wet-bulb temperature is the heat supply due to radiant heat transfer, which does not directly affect mass transfer processes. Intensification of convection simultaneously affects heat transfer and mass transfer, which leads to cooling of the temperature close to the wet-bulb temperature. Thus, these heat supply mechanisms affect the thermal state of the droplet differently during evaporation.
The effect of radiant heat transfer and free convection weakens with a decrease in the size of the droplet during evaporation. In this case, the evaporation is determined by conductive heat transfer, diffusion, and the net molecular flux from the droplet, which depends, among other things, on the accommodation coefficient. Droplets in the submillimeter range cannot cool down to the wet-bulb temperature for the same reason. The smaller the initial size of the droplet, the significantly higher is the minimum temperature to which it can cool.
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